Abstract
Introduction

29
Coalbed methane recovery (CBM) has gained substantial interest in recent years. Essentially
30
CBM is a method to produce natural gas from deep unmineable coal seams, and it utilizes 31 pressure-driven fluid flow for hydrocarbon recovery, often in combination with hydraulic 32 fracturing [1] or N 2 /CO 2 injection for enhanced production (ECBM) [2, 3] . However, the coal 33 permeability is dramatically reduced by several orders of magnitude [4, 5] due to water [6, 7] 34 or gas [8, 5] adsorption, which cause coal swelling and seriously limits the application of this 35 technology [8] . Water adsorption, on which we focus here, has also been suggested to 36 decrease the sorption capacity of CO 2 /CH 4 /N 2 in CBM/ECBM and storage volume for CO 2 37 geo-sequestration [9, 10] . Water encroachment and associated water adsorption, however, is 38 natural during CBM/ECBM and CO 2 storage in coal seams [11] .
40
To address these issues and to predict CBM production, several coal swelling -permeability 41 models were built, and the swelling characteristics are typically simulated by coal matrix 42 strain change (e.g. [12] , [13] ). However, these models failed to explain stress controlled 43 swelling laboratory test results [14] and thus newer strain model [15] have been tuned to 44 match the laboratory results. These models, however, still have significant limitations with 45 respect to predicting the effect of water swelling on porosity and permeability. Specifically, 46 these models treat the swelling effect as independent of the fracture system, i.e. the cleats are fixed or only change due to effective stress changes; while it has been suggested that swelling 
Permeability measurements and image processing 87
An experimental core flood apparatus was built for gas and brine permeability measurements Three phases were clearly identified in the raw and segmented 2D/3D microCT images:
114 micro cleats (black), coal matrix (grey) and minerals (white) in raw images (Fig. 4a) ; with 115 white, blue and red in the segmented images (Fig. 4b) . The widths of the micro cleats in the 116 dry plug were 5-10 µm (no confining stress), while lengths up to 2 mm were measured. These 117 micro-cleats can be divided into two groups according to their location in the sample: they 118 can be a) in the coal matrix (e.g. A in Fig. 4a or A in Fig. 1 ) or b) in the mineral phase (e.g. B
119
in Fig. 4a or C in Fig. 1) . Clearly, the coal sample's microstructure is highly heterogeneous. saturated, this is clearer in the segmented images (Fig. 6 ). All these evidence indicated that 139 water absorption into the coal matrix and associated coal matrix swelling. 
Quantitative analysis
154
The microCT images were further analysed and the volume fractions of the different phases
155
were measured before and after brine saturation. The micro cleat volume shrank significantly
156
(by ~ 75%) due to brine saturation, while the coal matrix volume increased by the same 157 nominal amount, but the mineral fraction volume stayed approximately constant, Table 1 . The 3D topographies (A and B in Fig. 7 ) illustrate how the micro cleats changed due to brine was computed, and ϕ was clearly reduced by swelling throughout the plug (Fig. 8) . We 171 further analysed the effective porosity ( e );  e also dramatically decreased (from 1.19 % to 172 0.19 %).This is consistent with our pore size distribution measurements on the microCT 173 images: all micro-cleats shrank, particularly the larger ones (Fig. 9) . Finally we extracted a 174 pore network for the dry and brine saturated plug with a skeletonization algorithm [38], 175 Figure 10 ; clearly the number of fluid conduits was significantly reduced by brine saturation. 
Conclusions
218
Coal porosity and permeability are key parameters as they control natural gas production Thus we imaged dry and swollen (due to brine absorption) coal plugs with 3D microCT at a [24]; and the medium rank coal was highly heterogeneous and had a low porosity (2.85 % ± 227 1%) and permeability (~0.1 mD -10 mD) and a significant mineral content. Micro cleats were 228 visible in the coal matrix and the mineral phase, consistent with SEM imaging (cp. Fig. 1 ).
229
However, when brine was injected into a dry coal plug, more than 80% of these cleats closed 230 due to swelling, which caused a dramatic reduction in porosity and particularly permeability.
231
But the cleats in the mineral phase were still open after the coal matrix swelling; this could be 232 explained by the lower internal stress in the mineral and the lower compressibility of the 233 mineral.
235
We conclude that water absorption into dry coal causes significant swelling effects. This 236 swelling drastically alters the microstructure of the coal; which again drastically reduces coal 237 permeability.
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